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ABSTRACT

This study aims to enhance the performance of the flat sheet thin-film composite (TFC)
polyamide–polysulfone reverse osmosis (RO) membranes. Composite RO membranes with
high salt rejection were fabricated by treating a porous polysulfone (PS) support sequentially
with a di-amine and then with a polyfunctional acid chloride, thereby forming a thin film of
polyamide (PA) on the PS support. In order to establish conditions for the development of
suitable thin-film composite (PS/TFC) membranes, various parametric studies were carried
out which included varying the concentration of reactants, reaction time, curing temperature,
and curing time for thin-film formation by the interfacial polymerization technique. By
suitable combination of these factors, 2.0wt.% MPD, 0.5wt.% TMC, 60-s reaction time, 80˚C
curing temperature, and curing time 10min., a desired thin film of PA with improved perfor-
mance for groundwater desalination could be obtained. Further, a combination of scanning
electron microscopy (SEM), attenuated total reflectance infrared (ATR-IR), X-ray diffraction
(XRD) was utilized to confirm the existence and to examine the morphology of the PS/TFC
membrane. Pilot-scale RO filtration unit was used to study the performance of the fabricated
membranes for desalinating brackish, saline groundwater of Red Sea coastal area. Salt
rejections percent for various feeds were found to be in the range of 90.6–98.5.

Keywords: Performance assessment; Brackish groundwater; Desalination reverse osmosis;
Interfacial polymerization; Thin-film composite

*Corresponding author.

Presented at the Conference on Membranes in Drinking and Industrial Water Production.
Leeuwarden, The Netherlands, 10–12 September 2012.
Organized by the European Desalination Society and Wetsus Centre for Sustainable Water Technology

1944-3994/1944-3986 � 2013 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment
www.deswater.com

doi: 10.1080/19443994.2013.795208

(2013) 1–11

D
ow

nl
oa

de
d 

by
 [

H
os

am
 S

ha
w

ky
] 

at
 0

7:
23

 1
1 

Ju
ly

 2
01

3 



1. Introduction

Due to increasing demand for water, both potable
and for irrigation, coupled with a decrease in suitable
water sources, the shortage of drinking water becomes
a major problem. In Egypt, desert region constitute
more than 94% of the total area of the country. The
other 6% of the area includes mainly the cultivated
lands in Nile valley and Delta; on the other hand, the
majority of Egyptian population is concentrated
within the area of the Nile valley and Delta, whereas
less than 5% of the population are scattered in all des-
ert areas. The increasing population in Egypt and the
limitation of the surface water resources (mainly Nile
water) and, accordingly, the limitation of the cultiva-
ble lands in the Nile valley and Delta urged the suc-
cessive governments to draw various programs for
land reclamation in desert areas. Such programs,
mostly, depend totally or partially on local groundwa-
ter resources in desert areas [1].

The area between Mersa Alam-Ras Banas, Red Sea
coast of Egypt, is one of the driest areas in the world
representing the eastern continuation of the Sahara
Desert in North Africa. Water resources in such areas
are mainly derived from groundwater and infrequent
surface runoff, where water conservation projects are
applied. The groundwater is considered as a major
source of fresh water that is used in different pur-
poses. However, most of groundwater in this area has
water quality range from brackish to saline [2].

Desalination of brackish or saline water can poten-
tially provide a new source of water by using highly
mineralized water that would otherwise have little
practical use. Supplies of brackish and saline ground-
water within the area of study have the potential used
to yield potable fresh water through desalination.
Desalination is a water treatment process that converts
brackish or saline water to fresh water by removing
dissolved minerals (e.g. sodium and chloride ions)
from the water, and where supplies of brackish or sal-
ine water exist, desalination can be used to yield pota-
ble fresh water.

Most widely applied and commercially proven
desalination technologies fall into two categories of
thermal (evaporative) and membrane-based methods.
Membrane methods are less energy intensive than
thermal methods and since energy consumption
directly affects the cost-effectiveness and feasibility of
using desalination technologies membrane methods,
such as reverse osmosis (RO) and electro dialysis
(ED), are attracted great attention lately. RO mem-
brane has become one of the most efficient approaches
for water purification, especially in successful applica-
tions for desalination of sea and brackish water, waste

treatment and various separations in chemical, food,
pharmaceutical, and other industries [3–6]. The con-
cepts of “osmosis” and “reverse osmosis” have been
known as early as 1,750 s. However, the use of RO as
a feasible separation process is a relatively young
technology since Loeb [7] developed a method for
making asymmetric cellulose acetate membranes with
relatively high water flux and separation. Moreover,
the invention of thin-film composite (TFC) RO mem-
brane was a milestone in the development of RO
membrane [8,9]. Nowadays, the TFC membranes are
widely used in commercial seawater desalination
plants around the world, because they offer a combi-
nation of high flux and high selectivity unmatched by
other types of RO membranes. As a result, the field of
RO membranes has overwhelmingly moved in the
direction of interfacial synthesized membranes, domi-
nated by polyamide (PA) compositions. The active
skin layer of PA plays the key role in TFC RO mem-
branes, which controls mainly the separation property
of the membrane, while the support layer gives the
membrane necessary mechanical property [10–12]. A
great advantage of TFC technology is that it allows
development and successful handling of extremely
thin layers of barrier materials formed from almost
any conceivable chemical combination [13]. In addi-
tion, the ultra-thin barrier layer and the porous sup-
port can be independently optimized with respect to
structure, stability, and performance.

This study focuses on the fabrication of brackish/
saline water polysulfone (PS)/thin film composite
(TFC) RO membrane by in situ interfacial polymeriza-
tion process. The structure of such prepared PS/TFC
membrane was characterized by using FTIR, scanning
electron microscopy (SEM), X-ray diffraction (XRD),
and thermo-gravimetric analyzer (TGA). Moreover, this
study aims to enhance the salt rejection and water flux
of the synthesized PS/TFC membrane for brackish/
saline water desalination by optimizing interfacial
polymerization conditions. Parametric studies were
conducted by varying reaction time, monomer concen-
tration, curing temperature, and time. The RO perfor-
mance of the resulting fabricated membrane was
evaluated in pilot-scale through permeation experiment
of; firstly, synthetic water and secondly, brackish, saline,
and sea water samples collected from the area located
between Mersa Alam-Ras Banas, Red Sea of Egypt.

2. Experimental

2.1. Materials

PS pellets Udel P-3500 were supplied by Solvay,
USA, N,N-dimethylacetamide (DMA) was supplied
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from (Sigma-Aldrich). m-phenylenediamine (MPD),
trimesoyl chloride (TMC), triethyl amine (TEA),
(+)-10-champhor sulfonic acid (CSA), and sodium lau-
ryl sulfate (SLS) were purchased from (Sigma-
Aldrich). Other reagents such as n-hexane and sodium
chloride (NaCl) were of analytical grade and used
without further purification. Pure water with conduc-
tivity less than 5ls/cm was produced by a two-stage
RO system.

2.2. Water samples and analysis

Three water samples representing brackish, saline,
and sea were collected from the area of study by the
authors and analyzed in the field for temperature, pH,
and specific conductance. Samples collected for cat-
ions and anions analysis were passed through 0.45-lm
high-capacity filters and stored in polyethylene bot-
tles. Cation samples were acidified in the field with
ultra-pure nitric acid to a pH of <2. All samples were
transported to the laboratory in ice-filled coolers and
refrigerated at approximately 4˚C until analyzed. Fifty
liters of water samples was also collected for the RO
performance application.

Laboratory analyses for the collected water sam-
ples include the determination of EC, total dissolved
salts (TDS), pH, concentration of major ions Ca2+,
Mg2+, Na+, K+, CO2�

3 , HCO�
3 , SO2�

4 and Cl�.
Measurements were carried out by EC meter model
Orion (150 A+), pH meter (Jenway 3510), Flame pho-
tometer (Jenway PFP 7), Ion selectivity meter (Orion
model 940 with 960 titration plus), UV/Visible spec-
trophotometer (Thermo-Spectronic 300), and induc-
tively coupled plasma, (Thermo ICAP 6500). The
obtained chemical data are expressed in milligram per
liter (mg/l) or part per million (ppm).

2.3. Preparation of microporous PS support membrane

PS casting solution was prepared by dissolving
15wt.% PS in DMA at 80–90˚C with continuous stir-
ring. The resultant polymer solution was cast on a
glass plate and gelled in a water bath. After 10min of
gelation, the resulting PS membrane was removed
from the gelation bath and washed thoroughly with
distilled water to remove the residual DMA. The
membrane was then subsequently employed as a sup-
port medium for TFC membrane fabrication.

2.4. Fabrication of thin film composite membranes

The thin film coating was developed/fabricated to
deposit the active skin layer of PA over the porous PS
support membrane. Aromatic PA TFC RO membranes

were made via the interfacial polymerization of MPD
in aqueous phase and TMC in organic phase
(n-hexane). CSA (4.0wt.%), SLS (0.15wt.%), and TEA
(3wt.%), were added into the aqueous phase. CSA
and SLS were used to improve the absorption of MPD
in microporous PS support membrane. TEA acceler-
ated the MPD–TMC reaction by removing hydrogen
halide formed during amide bond formation [13].
Firstly, the MPD solution was coated over the support
membrane. The excess solution was carefully
removed, and the membrane surface was dried. The
MPD saturated support membrane was then
immersed into the organic solution of TMC, followed
by rinsing with n-hexane and heat curing. This
resulted in the formation of ultra-thin aromatic PA
film over the support membrane that was denoted as
“nascent membrane” in this study. The nascent mem-
branes could contain nascent aromatic PA (Fig. 1). The
membranes were thoroughly washed and kept in
deionized water before carrying out characterization
or application studies.

2.5. Membrane characterization

Membrane samples used for the chemical and
morphological structure analysis were washed with
DI water and dried under vacuum before character-
ization. Attenuated total reflectance infrared (ATR-IR)
characterization of the TFC RO membrane surface was
made with a Nicolet avator 230 spectrometer at room
temperature using Irtran crystal at 45˚ angle of inci-
dence. Membrane morphology was examined by SEM
Model Quanta FEG attached with EDX Unit. XRD was
carried out using Shimadzu X-ray diffractometer,
Model XD 490 Shimadzu, Kyoto (Japan) with a nickel
filter and Cu-Ka radiation tube. Thermal stability of
the obtained products was carried out using a Shima-
dzu DT-60H thermal analyzer, Shimadzu, Kyoto,
Japan, from ambient temperature up to 1,000˚C with a
heating rate of 10˚C/min.

2.6. Performance test

RO performance for the synthesized PS/TFC mem-
branes was conducted using ALFA LAVAL pilot-scale
laboratory unit for membrane filtration model labora-
tory unit M20 (Fig. 2). A plate-and-frame unit is
designed with open channels across the membrane
surface. The feed stream/retentate flows through
these. The membrane itself is supported by hollow
plates with numerous slots that allow the permeate to
collect and be removed from the unit via the permeate
collecting tubes. Plate-and-frame units use the mem-
brane itself, aided by lock rings or strips, to seal off
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the feed/retentate from mixing into the permeate
channels. This also prevents any leaks from the plate

stack itself. Flat-sheet membranes with effective area
of 0.018m2 were placed in the test apparatus with the

Fig. 1. Structure of PA skin layer formed by interfacial polymerization of MPD with TMC.

Fig. 2. Schematic diagram for Laboratory Unit 20M pilot-scale membrane filtration.
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active skin layer facing the feed water. All tests for
TFC RO membranes performance were conducted at
12 bar (unless otherwise) using 6,000 ppm NaCl solu-
tion. Moreover, the RO desalination performance char-
acteristics of the fabricated PS/TFC membrane were
conducted for the three water samples collected from
the area of study. All membrane samples were pre-
pared and tested at least twice with a total of two
membranes tests for RO performance, results of which
have been averaged. The permeating volume collected
for 1 h was used to describe flux in terms of liter per
square meter per hour (L/m2h). A standardized con-
ductivity meter was used to measure the salt (NaCl)
concentrations in the feed and product water for
determining membrane selectivity as given below:

Salt rejection (%) = [1�Cp/Cf]� 100, where Cf and
Cp are feed and permeating concentration, respec-
tively.

3. Results and discussion

3.1. Spectroscopic characterizations of the PS support layer
and the TFC membrane

Surface functional groups of modified PS support
layer were characterized by ATR-FTIR. ATR-FTIR
spectroscopy can provide a convenient and effective
way to determine the composition of outmost part in
a thin film composite RO membrane. It was per-
formed in this study to confirm the successful prepa-
ration of thin film of PA onto PS support membrane
surface. Thus, in the case of PS membrane, the FTIR
spectrum (Fig. 3(a)) shows band at 835 due to the in-
phase out-of-plane hydrogen deformation of para-
substituted phenyl groups [14], band at 741 cm�1 due

to aromatic hydrogen, three neighboring, band at
1,238 cm–1 associated with the C–O–C asymmetric
stretching vibration of the aryl–O–aryl group in PS
[14], and those in the 1,294 and 1,149 cm–1 regions are
assignable to the asymmetric SO2 stretching vibration
and symmetric stretching vibration, respectively. In
addition, the peak at 3,098 cm–1 is due to O–H aro-
matic stretching and the peaks at �1583.5 and
1,487 cm–1 are associated with aromatic in-plane ring
bend stretching vibration.

The spectrum of PS/TFC membrane is shown in
Fig. 3(b), which indicates that the interfacial polymeri-
zation has occurred since the small band at
1,675 cm�1(amide I) is present that is characteristic of
C=O band of an amide group, C–N stretching, and
C–C–N deformation vibration in a secondary amide
group [15,16]. A strong peak at 1,736 cm�1 assigned to
C–O stretching (acid). In addition to this, other bands
characteristic of PA are also seen at 1,544 cm�1 (amide
II, C–N stretch), the bands from 1,039–1,236 cm�1 are
characteristic of C–N bending and 1,487 cm�1 (aro-
matic ring breathing), 858 cm�1 (aromatic hydrogen,
isolated) and 781 cm�1 (aromatic hydrogen, three
neighboring). Also, the stretching peak at 3,372–
3474 cm�1 can be assigned to N–H (and O–H) and
suggests several loose associative features like NH…..
N hydrogen bonds as also NH…O=C hydrogen
bonds [17] and peak at 3,095.4 cm�1 assigned to O–H
aromatic stretching bands.

Surface characterizations of PS and PS/TFC mem-
brane were evaluated by XRD, as shown in Fig. 4.
XRD is used to investigate the change in the crystal-
line and noncrystalline nature of PS that may occur
during the formation of TFC membrane. The
characteristic diffraction peak for pure PS is observed
at 2h value of 18.00. The spectrum showed the highly

5201000200030004000

 (a) PS

 (b)  PS/TFC
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Fig. 3. ATR-FTIR spectra of (a) PS support layer and
(b) thin film composite membrane.

Fig. 4. XRD images of PS and thin film composite
membrane.
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amorphous nature of PS [18]. The broad peak at 18.00
(2h) indicated that slight crystallinity was present,
while the diffraction peak of PS/TFC membrane is
observed at 2h value of 18.00. The curves of PS/TFC
were broad with higher intensity centered on 18 of 2h,
which emphasize the semi-crystalline nature of the
composite [19]. The presence of crystalline regions in
the composite is attributed to the PA skin, whereas
amorphous regions are due to PS. The broad peak
center on each X-ray pattern was attributed to the
average intersegmental distance of polymer chains
[20].

3.2. Microscopic characterizations of the PS support layer
and the PS/TFC membrane

Components of the PS/TFC membrane, before and
after interfacial polymerization, were observed by
SEM (Fig. 5). Fig. 5(a) presents a cross-sectional view
of the porous PS layer before interfacial polymeriza-
tion and showing that PS have a sponge–structured,
which can support high pressure, while Fig. 5(b)
shows a cross-sectional view of the TFC membrane
that consists of two distinctive layers with a dense
layer (TFC layer of around 100nm thickness) coated
on top of the porous layer.

3.3. Thermal properties of the PS and PS/TFC membrane

Thermo gravimetric analysis (TGA) of PS and PS/
TFC membranes were performed under nitrogen
atmosphere as shown in Fig. 6. In both PS and PS/
TFC membranes, there are two weight loss stages can
be observed in the TGA curve (Fig. 6). The first stage
at 451.4–561.97˚C and 304.70–551.94˚C for PS and PS/
TFC, respectively, was taken as the splitting of –SO3H.

In addition the weight loss is equal to 46.8 and 39.7%
for PS and PS/TFC membranes, respectively, due to
evaporation of additives (the boiling point of N,N
dimethyl acetamide is 165˚C) [21]. The second stage at
above 729.9 and 760˚C is related to the splitting of the
polymer main chain that accompanied by a weight
loss equal to 41.92 and 58.15% for PS and PS/TFC
membranes, respectively. It is noteworthy that the
S =O group in the main chain of PS seems to form
intermolecular hydrogen bonds with water. The
weight loss of 58.15% occurs in PS/TFC membrane
above 760˚C related to the splitting of the polymer
main chain resulting in the final material carbon,
which is obtained at more than 600˚C. The reasons for
such stability of PS/TFC membrane is expected to
originate primarily from their chemical structure,
which is composed of building units generally known
to be highly resistant to increased temperatures, such
as amide groups and aromatic moieties (benzene
rings) [22].

Fig. 5. Cross-section SEM images of: (a) PS support and (b) thin film composite membrane.
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Fig. 6. TGA curves of PS and thin film composite
membrane with the heating rate of 10˚C/min.
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3.4. RO desalination performance optimization of the PS/
TFC membrane

In general, the performance of the composite mem-
brane is determined by the chemistry and the prepa-
ration conditions of the ultra-thin selective layer. In
forming the thin-film, when the two monomer solu-
tions are brought into contact, both monomers parti-
tion across the liquid–liquid interface and react to
form a polymer; however, polymerization occurs pre-
dominantly in the organic phase due to the relatively
low solubility of most acid chloride in water. There-
fore, it is common to use a large excess of amine over
acid chloride, which drives partitioning and diffusion
of the amine into the organic phase [23,24].

In this study, different factors were studied to
obtain the optimum condition necessary to prepare
the best suitable PS/TFC membrane for desalination.
Among the factors discussed are concentration of
MPD monomer, concentration of TMC monomer, time
of MPD impregnation, MPD-TMC reaction time,
curing time, and temperature.

3.4.1. Concentration of MPD

Fig. 7 represents water flux and salt rejection of
PF/TFC membrane prepared with different concentra-
tions of MPD. It is observed form Fig. 7 that salt rejec-
tion increases with increasing MPD concentrations up
to 2.0% and decreases at higher concentrations reflect-
ing the existence of an optimum ratio between the
concentration of MPD and TMC [25]. The presence of
TEA in the aqueous MPD solution is necessary due to

its act as an acid acceptor and accelerates the
MPD-TMC reaction by neutralizing hydrogen chloride
producing during amide formation [26].

3.4.2. Concentration of TMC

Fig. 8 shows the performances of PS/TFC compos-
ite membranes prepared by different TMC concentra-
tions. It can be seen from the figure that the salt
rejection of the membrane increases from about 43 to
67%, whereas water flux decreases from about 12 to
5.5 L/m2h as TMC concentration increases. The
observed salt rejection and water flux behavior of the
membranes with increasing TMC concentration may
be explained in terms of both the chemical and mor-
phological changes that occur during the formation of
PA skin layer. According to Morgan [27], at lower
concentration of TMC monomer, the rate of polymeri-
zation is expected to be low because of the insufficient
concentration of monomer at the interfacial reaction
zone, and the formed selective skin layer is thin and
loose; as a result, the membrane poorly rejects the salt
but permeates more amount of water. For higher
TMC concentrations, the rate of polymerization is fas-
ter and selective skin layer is somewhat thicker and
compacter; thus, higher rejection and lower water flux
can be expected for the membrane.

3.4.3. MPD impregnation time

The effect of different impregnation time in MPD
aqueous solution on the water flux and salt rejection
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Fig. 7. Effect of MPD content in aqueous solution on salt
rejection and water flux of the resulting PS/TFC
membrane testing with 6,000mg/l NaCl aqueous solution
at 12 bar, 25˚C (TMC=0.53wt.%; reaction time 60 s;
aqueous pH=10.5; curing time= 10min and curing
temperature = 80˚C).
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Fig. 8. Effect of TMC content on salt rejection and water
flux of the resulting PS/TFC membrane testing with
6,000mg/l NaCl aqueous solution at 12 bar, 25˚C
(MPD=2.0wt.%; reaction time 60 s; aqueous pH=10.5;
curing time= 10min and curing temperature = 80˚C).
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for the resulted PS/TFC membranes are presented in
Fig. 9. According to the figure, at contact time
between 1 and 2min., the water flux and salt rejection
seems to decrease and increase, respectively. On the
other hand, for higher contact times, water flux
increases and salt rejection decreases. A possible
explanation is that for shorter times, not enough MPD
has diffused into the surface of the support and for
longer times too much has, and in both cases, the con-
centration in the surface of the support is not the opti-
mum [25]. So a time of 2.0min was selected for the
further optimization of the other parameters.

3.4.4. MPD-TMC reaction time

Fig. 10 shows that salt rejection increases from 44
to 70% when MPD–TMC reaction time increases from
15 to 30 s, then rejection almost levels off when reac-
tion time increase from 30 s up to 90 s. It is well known
that the reaction time plays an important role in deter-
mining the extent of polymerization, and thereby the
crosslinking and thickness of top skin layer as well as
the resulting membrane performance [28,29]. Thus, for
a short reaction time, the extent of crosslinking is low
and the top skin layer is thin; as a result, the perme-
ability of salt is high [30]. In this study, 60 s is consid-
ered as an optimal reaction time, which shows
relatively high salt rejection and proper water flux.

3.4.5. Curing time and temperature

As shown in Fig. 11, the salt rejection increases
with the curing time increasing from 5 to 10min. With

increase in curing time, the membrane is subjected to
a prolonged exposure to curing temperature that
results in pore shrinkage in the support membranes
and the deeply densification of the skin layer [30].

Moreover, Fig. 12 shows increasing in salt rejection
with the curing temperature increased from 65 to 80˚C
and drop off as the curing temperature is further
increased. The increase in salt rejection at lower cur-
ing temperatures may be due to the increased densifi-
cation or additional crosslinking of the selective skin
layer and the loss of residual solvent in the film,
respectively [31]. Whereby the decrease in salt
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Fig. 9. Effect of MPD impregnation on salt rejection and
water flux of the resulting PS/TFC membrane testing with
6,000mg/l NaCl aqueous solution at 12 bar, 25˚C
(MPD=2.0wt.%; TMC=0.53wt.%; reaction time 60 s;
aqueous pH=10.5; curing time= 10min and curing
temperature = 80˚C).
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Fig. 10. Effect of interfacial reaction time on salt rejection
and water flux of the resulting PS/TFC membrane testing
with 6,000mg/l NaCl aqueous solution at 12 bar, 25˚C
(MPD=2.0wt.%; TMC=0.53wt.%; aqueous pH=10.5;
curing time= 10min and curing temperature = 80˚C).
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Fig. 11. Effect of curing time on salt rejection and water
flux of the resulting PS/TFC membrane testing with
6,000mg/l NaCl aqueous solution at 12 bar, 25˚C
(MPD=2.0wt.%; TMC=0.53wt.%; aqueous pH=10.5;
curing temperature = 80˚C).
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rejection at higher curing temperatures could be due
to the pore shrinkage in the support membranes and
the deeply densification of the skin layer [30].

3.5. Application of the fabricated PS/TFC composite RO
membrane for groundwater desalination in Mersa Alam-
Ras Banas area

Desalination of saline water and/or brackish
groundwater by RO appears to be a sound option for
arid lands bordering seas. Hence, there is a need in
Egypt for capacity building of water desalination com-
prising technology transfer in membrane separation
processes, operation and maintenance, and skilled

manpower [32]. For instance, desalination has been
widely and successfully used in the Red Sea costal
area.

From the aforementioned studies to the perfor-
mance of different fabricated TFC membranes, it is
clear that the best membrane possess have high salt
rejection and water flux were achieved with the fol-
lowing conditions; 2.0wt.% MPD, 0.5wt.% TMC, 60 s
reaction time, 80˚C curing temperature and curing
time 10min. This membrane was selected for the
desalination of three groundwater samples represent-
ing brackish, saline groundwater and Red seawater
using RO pilot-scale laboratory unit (Laboratory Unit
M20).

Table 1 shows the salt contents for the three water
samples from which it can be seen that the salinity
ranges from 8,022 to 39,775mg/l. Such waters were
pumped into the Laboratory Unit, M20 unit, at flow
rate of 5 l/min, and operation pressure was applied
using our fabricated selected membrane. Generally,
desalination process must provide water of better
quality. A summary of the water chemistry of the
feeds and products for the three water samples area is
presented in Table 1. From Table 1, it can be seen that
the retention of bivalent ions is higher than that of
monovalent ones and the retention for the bivalent
anions is lower than that of cations. Moreover, the
sequence of cations rejection (R%) is: R Mg2+ >R
Ca2+ >R Na+, while the sequence of anions rejection
is: RHCO�

3 > RSO2�
4 > RCl�. Thus, overall salt rejec-

tions % for various feeds were found to be in the
range of 90.6–98.5. These results from Table 1 may be
due to one or more of these factors; the first is ionic
radii and hydrated ionic radii, where the hydrated
ionic radii of divalent ions in solution are larger than

Table 1
Brackish, saline groundwater and Red Sea water characterization before and after desalination process

Analytical parameter Na+ K+ Mg2+ Ca2+ HCO�
3 SO2�

4
Cl– TDS

Brackish water

Feed (ppm) 1500.0 28.0 350.0 893.0 80.0 360.0 4851.0 8022.0

Product (ppm) 180 5.5 8 80 5 25 450 751

% Rejection 88 80.3 97.7 91 94 93 90.7 90.6

Saline water

Feed (ppm) 2400.0 34.0 800.0 1700.0 150.0 1300.0 7700.0 15140.0

Product (ppm) 240 5 6 40 4 20 450 783

% Rejection 90 85 99 97.6 97.3 96.9 94.1 95

Red seawater

Feed (ppm) 10750.0 500.0 1850.0 609.0 126.0 8966.0 17021.0 39775.0

Product (ppm) 180.0 4.5 10.0 15.0 2.0 100.0 270.0 580.0

% Rejection 98.3 99.1 99.4 97.5 99.2 98.8 98.4 98.5
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Fig. 12. Effect of curing temperature on salt rejection and
water flux of the resulting PS/TFC membrane testing with
6,000mg/l NaCl aqueous solution at 12 bar, 25˚C
(MPD=2.0wt.%; TMC=0.53wt.%; aqueous pH=10.5;
curing temperature = 80˚C).
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that of monovalent ions [33–35]. The second is based
on the different cationic valence rejection sequence
that can be explained by the Donnan exclusion theory,
which suggests that a higher valence counter ion
caused a higher ion rejection, whereas a higher
valence counter ion (neutral species) leads to a lower
rejection of the salt [36]. For the same valence ions,
the rejection sequence could be affected by the differ-
ence in ion diffusivities, that is, an ion is retained
more if it has a smaller diffusivity this is inversely
reflected in the rejection sequence [33]. The third is
based on the interaction between the membrane sur-
face and ions in solution. Those factors can explain
the high rejection of Mg2+ and Ca2+ counter ions more
than Na+. The fourth is based on the hydration
energy, where the difference of retention can be attrib-
uted to the difference of energy hydration between
the divalent and monovalent ions; the more hydrated
the divalent ions, the more difficult their transfer

across the membrane, [37]. Consequently, SO2�
4 and

HCO�
3 ions, which are more strongly hydrated than

Cl� ions, become difficult to permeate through the
membrane.

4. Conclusions

Polymerization occurs almost simultaneously on
liquid–liquid interface as MPD from water phase and
TMC from organic phase contact each other. MPD
quickly diffuses into organic phase and thus promotes
the growth of membrane in the direction perpendicu-
lar to interface. Both structure and performance of PA
membrane can be effectively controlled by adjusting
reaction time and MPD and TMC concentrations.
Membrane with flat surface morphology and uniform
thickness can be prepared through this interfacial
polymerization process. With controlled density and
structure, the PA membrane with a thickness 100 nm
can endow the PS/TFC membrane with selectivity
67% and water flux 5.5 l/m2.hr for 6,000mg/l NaCl
solution under 12 bar. Using this improved membrane
for the desalination of brackish, saline groundwater,
and Red seawater, the results showed that, the
sequence of cations rejection (R%) is: R Mg2+>R
Ca2+ >R Na+, while the sequence of anions rejection
is: RHCO�

3 > RSO2�
4 > RCl�.
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